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Interfacial stability is regarded as one of the greatest challenges in the commercialization of Ni-rich layered
cathode materials for lithium battery. Surface modification can solve these issues to obtain superior electro-
chemical performances. Herein, LiNi0.8Co0.1Mn0.1O2 (NCM811) cathode surface is reconstructed by a simple
solid-state method using antimony oxides as modified agents. The modified mechanisms study show that the
antimony oxides (Sb2O5) can react with the surface lithium residues effectively and partial surface lattice lithium
on the NCM811 surface to further construct the LiSbO3/Li–Sb–Me–O (Me¼Ni, Co, Mn) mixed coating layers. The
uniform coating layer is mainly ascribed to the droplet spreading behaviors of the low smelting antimony oxides.
The electrochemical measurements show that the Sb-modified NCM811 electrodes deliver 90.27% (180mA g1)
and 96.07% (1440mA g1) capacity retentions over 3.0–4.3 V after 200 cycles, respectively, which are higher
than 77.40 and 74.75% of the bare NCM811. The enhanced electrochemical performances are mainly benefitted
to the enhanced the lithium transportation, the suppressed impedances increase and the more stable crystal
structure.1. Introduction
Nowadays, the development of high-efficiency energy conversion and
storage devices including lithium-ion batteries, metal-air batteries, and
water electrolyzers to produce clean and sustainable energy is of great
interest due to the growing environmental pressures [1,2] As one of
them, lithium-ion batteries (LIBs) show a rapidly emerging demand on
hybrid or pure electric vehicles (HEVs or EVs), grid energy storage, and
mobile devices [3–6]. However, traditional LiFePO4 and LiMn2O4 cath-
ode materials are difficult to meet the ever-increasing requirements of
energy densities. Ni-rich cathode materials (LiNixCoyMn1-x-yO2 and
LiNixCoyAl1-x-yO2, x 0.6) attract widespread attentions due to their
larger capacity, lower cost and less toxicity [7–11]. Unfortunately, there
still exist many kinds of drawbacks including Li/Ni cation mixing,
side-reactions and structural degradation etc. in Ni rich materials, which
drastically deteriorate electrochemical performances and hinder theird Environment, Central South Un
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progress of commercialization[5,7,10,12–14]. Typically, the lithium
residues in Ni-rich cathode materials can react with CO2 and/or H2O and
further forms Li2CO3/LiOH impurities, which can promote side-reactions
and block charge carrier, further lead to the interfacial structure and
electrochemical deteriorations [14,15].
Surface modification is regarded as one of the effective ways to
strengthen the interfacial structure of the cathode materials. The surface
coating layers can avoid the corrosion from electrolyte to the active
materials and some of them also can provide the ion/electron transport
channels. As reports, the metal and nonmetal oxides (MoO3 [16],
Al2O3[17], SiO2[18]), phosphates (FePO4 [19], AlPO4 [20]) and fluo-
rides (AlF3 [21], LiAlF4 [22]), have been proved to be effective in opti-
mizing the interfacial structure of Ni based cathode materials. In
particular, the representative compounds of Li3PO 4 [23] and Li–B–O
[24] etc. promote a wide interest because of their good corrosion resis-
tance and better removal effects of the surface residual lithium.iversity, Changsha, 410083, PR China.
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Fig. 1. Illustration of the Sb-modified NCM811 preparation and protective mechanisms.
Fig. 2. XRD analysis for the (a) NCM-bare, (b) NCM-Sb-0.5% and (c)NCM-Sb-5%.
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mechanisms in lithium cathode materials. In addition, the modified
routine is another important factor that affects the electrochemical per-
formances of the cathode materials. Traditional solid-state method is
very common and popular in the fields of the fundamental research and
industrial application due to its simple coating process. However, the
obtained coating layer is extremely likely to be non-uniform and in weak
bonding between the coating layer and host material due to the simple
solid-solid contact and low heat-treatment temperature [25]. The wetting
coating method exhibits some unique advantages in the improvement of
uniformity and bonding strength due to the optimized contact ways, but2
it is unsuitable for Ni-rich cathode materials since the phase trans-
formation of Ni-rich cathode materials in the presence of H2O [4].
Moreover, wetting coating method always involve the addition of some
solvents such as ethanol and polyvinylpyrrolidone (PVP) and the
following post-processing such as drying, which greatly increases the cost
and energy dissipation [4,17,26,27]. Overall, it is necessary for us to take
into account the coating method and the properties of the coating com-
pounds to obtain the higher-quality and more uniform surface coating
layer, which are critical in the improvement of the electrochemical
performances of cathode materials [28].
Consideration of the aforementioned issues, some coating compounds
Fig. 3. XPS patterns of NCM-bare and NCM-Sb-0.5%: (a) Ni 2p, (b) Co 2p and Mn 2p, (c) Sb 3d3 and (d) O 1s.
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pounds can easily spread on the cathode materials based on the surface
tension effects [29], which is possibly favorable to the improvement of
the uniformity and bonding strength in traditional solid state method.
Among various compounds with low melting points, Sb2O5 (the melting
point: 380 C) exhibits some advantages in lithium cathode materials.
Zenghui Han et al. and Jinpeng Yu et al. proved that some positive effects
of antimony dopant on LiNi1/3Co1/3Mn1/3O2 and Li1.1CoO2 cathode
materials, respectively [30,31]. However, to the authors’ knowledge, the
coating effects and mechanisms of antimony oxides on Ni-rich cathode
materials have still rarely reported.
Herein, Sb2O5 is selected as the raw coating materials for NCM811
cathode materials. Due to the melting droplet spreading effects, it can be
found that a uniform thin antimony compound layer wraps on the
LiNi0.8Co0.1Mn0.1O2 (NCM811) surface. Further study confirms that a
uniform LiSbO3 and Li–Sb–Me–O (Me¼Ni, Co, Mn) mixed coating layers
is reconstructed on NCM811 surface, which optimizes the interfacial
structure of NCM811 and enhances its electrochemical performances.
The detailed illustration of the preparation and protective mechanisms
are shown as Fig. 1.
2. Experimental sections
2.1. Synthesis of modified NCM811
The NCM811 cathode materials were purchased from Ningbo Jinhe
New Materials Limited by Share Ltd. The Sb modified NCM811 were
synthesized by traditional solid state reactions. Firstly, Sb2O5 powders
(Aladdin) weremixed with the NCM811 cathodematerials by ball mixing
for 2 h with 2500 rpm. Then, the mixed powders were further calcined at
600 C for 4 h to obtain the Sb-modified cathode materials. The modified
ratios of m(Sb2O5)/m(NCM811) with 0%, 0.25%, 0.5%, 2% and 5% were
named as NCM-bare, NCM-Sb-0.25%, NCM-Sb-0.5%, NCM-Sb-2% and
NCM-Sb-5%, respectively.3
2.2. Material characterization
X-ray powder diffraction information for all the samples were ob-
tained on Bruker, D8 Advance X-ray diffractometer with Cu Kα radiation
in the 2θ range of 10–80 at a scan rate of 3⋅min1 and Rietveld
refinement was performed with the GSAS/EXPGUI program. The surface
morphologies were characterized by scanning electron microscope (SEM,
JEOL JSM-6360LV, Japan) and transmission electron microscopy (TEM,
Tecnai G2 20S-Twin, 200 kV). The cycled electrodes were disassembled
in the high-purity argon glove box (LS800S, DELLIS, Chengdu, China)
and then were dried at 90 C overnight to prior to SEM analysis. Surface
composition and elementally chemical state were examined by X-ray
photoelectron spectroscopy (XPS, ESCALAB250Xi). The total lithium
residue amounts were measured by titration method using Automatic
Potentiometric Titrator (Schott TitroLine easy, Germany)[32].2.3. Electrochemical testing
The working electrodes were prepared by coating slurry mixtures,
which contain 80wt% active materials, 10wt% acetylene black and
10wt% polyvinylidene fluoride PVDF binder in N-methyl-2-pyrrolidone
(NMP), on the Al foils. The electrodes were dried at 90 C for 10 h and
pouched into discs with a diameter of 14mm. The average loading of the
active materials is ~2.5mg cm2. CR2016 type coin cells were assembled
using the metallic lithium as anode electrode, Celgard 2400 as separator,
Li as counter electrode and the LiPF6 as electrolyte in high-purity argon
glove box (LS800S, DELLIS, Chengdu, China). The 1.0M LiPF6 electrolyte
is composed of EC, DMC and EMC with a volume ratio of 1:1:1. The
cycling/rate performances were performed on a Land Test System
(CT2001A, Wuhan Jinnuo Electronic Co., Ltd., Wuhan China) at various
rates (1 C¼ 180mA g1) within 3.0–4.3 V at 25 C. Cyclic voltammetry
(CV) tests were conducted over 3.0–4.5 V at a scan rate of 0.1 mV s1.
Electrochemical impedance spectroscopies (EIS) of the electrodes were
obtained at various cycling stages (1st and 200th at charge states) over
Fig. 4. SEM images of (a) NCM-bare, (b) NCM-Sb-0.5% and (c) NCM-Sb-5%; TEM images of (d) NCM-Sb-0.5% (the inset is NCM-bare).
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amplitude.
3. Results and discussions
The crystal structure of the NCM-bare and Sb-modified cathode ma-
terials are identified by X-ray diffraction (XRD). As shown in Fig. 2 (a-b),
a relatively larger Li/Ni cation mixing in the NCM-Sb-0.5% can be ob-
tained from Rietveld refinements. Moreover, Rietveld refinements results
also reveal that the detailed a and c parameters for the NCM-Sb-0.5%
(2.875 and 14.212 Å, respectively) are also larger than those of the NCM-
bare (2.871 and 14.206 Å), which is also observed in the LiNi1-xSbxO2
and LiMn2-xSbxO4 cathode materials [33,34]. The increased Li/Ni mixing
and lattice parameters confirm that the antimony oxides can influence
the NCM811 host structure to some extent. To further study the effects of
Sb2O5 on NCM811, the NCM811 modified with 5wt% Sb2O5 after
calcination are detected by XRD. As shown in Fig. 2(c), some extra peaks
in NCM-Sb-5% can be indexed to LiSbO3 phase (JCPDS#43–0128). That
is to say, the surface Sb2O5 have been converted into LiSbO3 compounds
during calcination. Due to a number amount of residual lithium existing
on the Ni-rich cathode materials surface as reported [35,36], it can be
inferred that the a small amount of Sb2O5 would preferentially consume
the surface lithium residues to form LiSbO3 coating layers. While the4
excess or locally uneven Sb2O5 would tend to extract the lattice lithium
from NCM811 substrate inevitably, further lead to the surface structure
changes. In addition, the two pairs of (006)/(012) and (018)/(110) for
NCM811 also become blurry in NCM-Sb-5%, which more intuitively
demonstrates that the NCM811 host structure is affected by antimony
modification. Overall, the possible reactions during calcination can be
listed as follows: LiOH/Li2CO3þSb2O5þLiNi0.8Co0.1Mn0.1O2þO2→
LiSbO3þLixMeO2þLiyMe1-zSbzO2 (Me¼Ni0.8Co0.1Mn0.1)þH2O þ CO2. In
addition, some Sb5þ ions also show great possibility to dope into the
NCM811 host materials due to the inter-diffusion and the similar ion
radius (Sb5þ (0.62 Å), Co3þ (0.545 Å), Ni3þ (0.56 Å), Ni2þ (0.69 Å) and
Mn4þ (0.53 Å)) [33,37]. The loss of the lattice lithium and the doping of
the high-valence Sb5þ would promote the transition metal reduction,
especially the Ni3þ to Ni2þ, to maintain the charge balance.
X-ray photoelectron spectroscopy (XPS) has been selected to exten-
sively study the compositions and oxidation state of the surface elements.
As shown in Fig. 3(a) and (b), the NCM-Sb-0.5% shows relatively weaker
intensities of the Ni 2p, Co 2p and Mn 2p, which are mainly originated
from the surface coating effects. Both typical peaks in 854.59 and
855.62 eV observed in Fig. 3(a) and Fig. S1 reveal the co-existences of the
Ni2þ and Ni3þ [37,38]. One can notice that Sb-modified NCM811 cath-
odes show relatively large amounts of Ni2þ on the surface, further
demonstrating the increased Li/Ni mixing. A proper Li/Ni mixing is in
Fig. 5. Electrochemical performances of the NCM-bare and NCM-Sb-0.5%: (a) initial charge/discharge curves; (b) rate capabilities; (c) cycling performances at
180mA g1 and 1440mA g1.
Fig. 6. (a) CV curves of the both sample before/after cycles; (b–c) EIS results of the both samples at (b) 1st cycles and (c) 200th cycles.
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tion, it can be also found that Co 2p and Mn 2p peaks positions after Sb
modification shift to the lower binding energies, which may be resulted
from the partial Mn4þ and Co3þ reductions after Sb5þ doping. As for the
Sb 3d (Fig. 3(c)), the Sb 3d3/2 peak in NCM-Sb-0.5% is located in5
539.61 eV, which are close to those reported previously for Sb5þ [33,40],
indicating the formation of the LiSbO3. The O 1s peaks located at 529.8
and 531.7 eV are mainly associated to the lattice oxygen and the active
oxygen species remaining on the surface of nickel oxides, respectively.
And the active oxygen species reflects the adsorbed hydroxyl and
Table 1
The fitting values of Rf and Rct and the calculated values of DLiþ of the both
samples.
Samples Cycle Number Rf (Ω) Rct (Ω) DLiþ (cm2 s1)
NCM-bare 1st 25.16 205.60 4.30 1010
200th 28.44 805.90 –
NCM-Sb-0.5% 1st 21.34 102.80 7.43 1010
200th 27.79 367.40 –
Y. Li et al. Journal of Electroanalytical Chemistry 854 (2019) 113582carbonate species on the NCM811 surface[41]. Comparably, the active
oxygen species on the NCM-Sb-0.5% surface is lower than that of
NCM-bare (Fig. 3(d)), implying that the surface lithium residues can be
effectively removed by antimony oxides. This result can be also sup-
ported by the pH and the total of residual lithium in Table S1.
The morphology of the NCM-bare and NCM-Sb-(0.5%, 5%) are char-
acterizedbySEM.As shown inFig. 4 (a-c), the secondary spherical particles
for NCM-bare show clear and smooth outlines without any other attach-
ments. While that for NCM-Sb-0.5% looks like relatively blurry and the
surface pores are filled by something. Further observed in NCM-Sb-5%,
some observed group floc-like layer rather than nano particles are ascribed
to the LiSbO3 layers, indicating that themelted antimony oxides can spread
to improve the uniformity of the coating layer. Some aggregated grayish
white bulge could be causedby the too largemodifying contents. To further
confirm the uniformity of the LiSbO3 coating layer, TEM images are illus-
trated in Fig. 4(d-f). In comparison with the NCM-bare (the inserted Fig. in
Fig. 4(d), a gray thin layer with a thickness of 2–5 nm, rather than particle
layer, can be observed on the NCM-Sb-0.5%, indicating the melted anti-
mony can uniformly spread on theNCM811 surface. TheHRTEM for NCM-
bare can be observed lattice fringes on the surface (Fig. 4(e)), while the
gray thin film in NCM-Sb-0.5% looks like amorphous compounds
(Fig. 4(f)), which imply that the LiSbO3 shows low crystallinity. In sum-
mary, the NCM811 surface can be reconstructed by low melting point
Sb2O5 and the reconstructed routine is illustrated as Fig. 1.
To further evaluate the effects of the surface reconstruction of
NCM811 on the electrochemical performances, the rate capabilities andFig. 7. SEM images of the both
6
cyclic performances are measured. Fig. 5(a) illustrates the initial charge/
discharge curves for both samples at 0.1 C over 3.0–4.3 V. The NCM-bare
delivers an initial discharge capacity of 193.6 mAh g1 with 84.17%
initial coulombic efficiency, while those for NCM-Sb-0.5% are 190.4
mAh g1 and 85.67%. The enhanced initial coulombic efficiency for the
modified sample is attributed to the reduced the side reactions at the
electrolyte and material interface [42]. Fig. 5(b) depicts the rate capa-
bilities of the NCM-bare and the NCM-Sb-0.5% samples. Both samples are
initially activated at 0.1 C and 0.2 C and further charged at 0.5 C, dis-
charged at 0.5 C, 1 C, 2 C, 4 C and 8 C for five cycles, respectively.
Noticeably, the initial discharge capacities at 0.5 C for NCM-Sb-0.5% are
lower than that of the NCM-bare, which may be resulted from the loss of
the lithium due to the extraction of the LiSbO3 and the electrochemically
inactive Sb5þ occupying the MeO6 site [33,43]. With the increased
discharge currents, the NCM-Sb-0.5% deliver better capacity retentions
(the inset Fig.), especially for the NCM-Sb-0.5%, which shows 86.93%
capacity retention at 8 C (vs. 0.5 C), while the NCM-bare only shows
79.44% capacity retention. The enhanced rate capability could be mainly
ascribed to the improvement of the interfacial environment after Sb
modification.
Moreover, the cycling performances have been evaluated after acti-
vating at 0.1 C, 0.2 C, 0.5 C and then cycling at 1 C (180mA g1). As
displayed in Fig. 5 (c) and Fig. S2, the Sb-modified samples deliver a
relatively low initial capacities and improved cyclabilities after Sb
modification. The lower initial discharge capacity could be ascribed to
the surface inactivation of the active materials due to the lithium loss
after Sb modification and Sb5þ doping. Obviously, the NCM-Sb-0.5%
shows 90.27% capacity retention after 200 cycles, which is higher than
77.40% of the NCM-bare. The other samples with different Sb contents
are shown in Fig. S2. The excess Sb modified contents significantly
deteriorate the electrochemical performances. This is mainly resulted
from the excess lithium extraction by the antimony compounds and
further leads to the structural instability and inactivation. Further
measured the cycling performances of the NCM-bare and NCM-Sb-0.5%
at 8 C (1440mA g1, Fig. 5(c)), one can noticed that the NCM-Sb-0.5%
shows more stable cycling stability.electrodes after 200 cycles.
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different cycling are compared in Fig. S3. As shown in Fig. S2 (a-b), the
NCM-Sb-0.5% shows relatively denser charge/discharge curves andmore
stable charge/discharge plateaus than the NCM-bare, indicating the
better electrochemical properties of the NCM-Sb-0.5%. The dQ/dV
curves in Fig. S3 (c-d) are used to further evaluate the polarization and
capacity fading. All the peaks’ intensities for both samples during cycling
gradually become weak and the peaks positions shift to the lower
voltage, indicating the capacity fading and the increased polarization
[44]. Comparably, the peaks around in 3.75, 4.0 and 4.15 V for the
NCM-bare shows remarkable voltage shifts and intensity fading, which
are mainly associated with the loss of the electrochemical reactivity of
the Ni ions and the formation of the irreversible phase during cycling [37,
45]. Conversely, the NCM-Sb-0.5% shows more stable peak position
without obvious voltage shift and intensity fading during cycling. As a
result, it can be concluded that the in-situ Sb modification can effectively
stabilize the interfacial structure of NCM811 cathode, further enhance
the electrochemical performance.
CV is an effective way to evaluate the reversibility of the electrode. As
shown in Fig. 6(a), both electrodes are measured from 3.0 to 4.5 V with a
scan rate of 0.1mV s1. All the CV curves can be separated to three pair
redox peaks, which are attributed to the phase transformations of the H1
to M, M to H2 and H2 to H3, respectively [46,47]. In comparison with
both electrodes, it can be found that the redox pairs for H1 toM and H2 to
H3 show relatively large differences. During the first cycle, both pair
redox peaks for the NCM-bare are 3.90/3.71 and 4.22/4.15 V and the
corresponding potential intervals are 0.19 and 0.07 V, respectively.
While those for the NCM-Sb-0.5% are 3.87/3.73 and 4.22/4.17 V
coupling with potential intervals 0.14 and 0.05 V, respectively, and the
second cycles also show the similar trends. These results indicate that the
Sb modification is in favor of the reversibility improvement and polari-
zation inhibition to some degree. After 200 cycles, the redox peaks for the
NCM-bare become weak and even disappear, while for the
NCM-Sb-0.5%, the three pairs redox peaks are still relatively apparent.
All of the results demonstrate that the Sb modification can effectively
suppress the capacity and structural degradation during cycling and
enhance the electrochemical reversibility.
EIS has been carried out to better compare the kinetic behaviors and
resistances of NCM-bare and the NCM-Sb-0.5% electrodes. The Nyquist
plots for both electrodes are obtained after activating at 0.1, 0.2, 0.5 C
and then charged to 4.3 V at 1 C for the first and after 200th cycles,
respectively. Obviously, all the EIS curves present both semicircles and
an inclined line. The semicircles at high-to-medium and medium-to-low
are related to the film resistance (Rf) for Liþ ions migrating through the
film covered on the surface of cathodematerials and film capacitance and
the charge-transfer resistance (Rct) in the electrode/electrolyte interface,
respectively. The incline line at low frequencies is attributed to the
Warburg impedance associated with the Liþ diffusion through a solid-
state electrode [47]. As shown in Fig. 6(b) and Table 1, the
NCM-Sb-0.5% shows a relatively lower film resistance (Rf) and
charge-transfer resistance (Rct) at the first cycle, indicating the improved
kinetic behaviors after Sb modification. After cycling (Fig. 6(c)), the film
resistance (Rf) for both electrodes shows a little increase, but the
charge-transfer resistance (Rct) increase dramatically with the prolong
cycling, indicating that the charge-transfer resistance is the major
contributor to the total electrode resistances. Comparably, the
NCM-Sb-0.5% shows relatively smaller Rct increase than the NCM-bare
during cycling, which is mainly due to the suppressed side-reactions
and structural degradation originated form the isolation effects of the
dual coating layer after Sbmodification [30,31] Moreover, the DLiþ of the
both samples have been calculated based our previous report [37] and
the NCM-Sb-0.5% delivers a higher DLiþ than the NCM-bare (Table 1),
further confirm the enhanced kinetic behaviors after Sb modification.
Both cycled electrodes are assembled to observe the surface
morphology. As shown in Fig. 7 (a), some surface crack and damage in
the NCM-bare electrodes can be observed in the ellipse. The particle’s7
damages are mainly resulted from the lattice changes and electrolyte
corrosion during cycling [13]. As reported, the produced cracks and
damages would generate new electrolyte contact interface, which would
enhance the electrolyte corrosion effects, further lead to the impedances
increase and the structural degradation due to the dissolution of the
transition metal [13,48]. Compared with NCM-bare, the spherical par-
ticles in NCM-Sb-0.5% electrodes (Fig. 7 (c)) remain better integrity
without obvious cracks and damages. Thus, the antimony modification is
favorable to strengthen the structure stability, further suppress the sur-
face cracks and damages during cycling. Further form the enlarged im-
ages (Fig. 7 (b) and Fig. 7 (d)), the obvious film can be observed in the
single spherical particle of NCM-bare, while that for NCM-Sb-0.5% is
ignorable. Such film can be attributed to the by-products such as LiF et al.
due to the side-reactions, which demonstrate that Sb modification can
suppress the surface side-reactions.
4. Conclusions
Antimony oxides were selected to modify LiNi0.8Co0.1Mn0.1O2
(NCM811) cathode materials by simple solid state method. The uniform
coating layer is mainly originated to the melted droplet spreading
behavior. The in-situ reconstructed LiSbO3/Li–Sb–Me–O (Me¼Ni, Co,
Mn) mixed coating layer is favorable to improve the interfacial stability
of the NCM811 host and interfacial structure. Sb-modified NCM811 ex-
hibits the enhanced electrochemical performances are mainly attributed
to the enhanced kinetic behaviors and suppressed side-reactions.
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